Steady slot suction is applied near the leading edge of the free end of a cantilevered square cylinder to investigate its effects on the aerodynamic forces. The slot suction significantly changes the flow separation on the free end and also the aerodynamic forces on the entire cylinder span. The best control result appears at the suction coefficient Q = 1 (Q = U s /U ∞ , where U s is the suction velocity at the slot, and U ∞ is the oncoming flow velocity), with the fluctuation drag and lift reduced by 17.8% and 45.5%, respectively. At Q = 1, the shear flow at the leading edge is weakened and reattaches on the cylinder free end, which results in stronger momentum transport between the free-end shear flow and the wake, thus suppressing the vortex shedding and aerodynamic forces efficiently.
INTRODUCTION
The flow around a wall-mounted cantilevered cylinder is highly three dimensional and characterized by the interactions among spanwise vortices, tip vortices and base vortices [1] [2] . Both the tip and base vortices induce downwash and upwash flow in the near wake, which attenuate the spanwise Karman vortex shedding [2] . A number of investigations suggest that the flow over the free end of a cantilevered cylinder and the flow around its both sides form a connected arch type vortex structure in the near wake [3] [4] . The two 'legs' of this arch type __________________________ School of Civil Engineering, Central South University, Changsha, China e-mail: wanghf@csu.edu.cn structure may be shed symmetrically or alternately into the wake. When alternating spanwise vortex shedding occurs, the lift on the cylinder fluctuates with large amplitude and bears obvious periodicity, similar to that of a 2D cylinder. On the other hand, when symmetrical vortex shedding occurs, the fluctuation of lift is considerably suppressed and has no obvious periodicity. These two states occur randomly in the near wake of a wall-mounted cantilevered cylinder [2] . To reduce the aerodynamic forces and also the flow induced vibration (FIV) of a 2D slander structures, a lot of methods have been investigated. Choi et al. [5] classified these control methods into three groups, i.e., passive, active open-loop, and active closed-loop controls. Many passive devices, such as helical wire, longitudinal groove, etc., and active open-loop controls, such as steady and timeperiodic blowing/suction, etc., have been successfully applied to bluff body flow. Note that, for a 2D structure, the flow manipulation techniques are generally applied along its spanwise direction. For a cantilevered square cylinder, considering the spanwise flow is connected by the flow over the cylinder free end, it is interesting to know whether it is possible to reduce the aerodynamic forces via the flow control at the cylinder free end.
EXPERIMENTAL DETAILS
A square cylinder with the width d = 40 mm and the aspect ratio H/d = 5 was mounted on the bottom wall of a wind tunnel. The test section of the wind tunnel was 450 mm wide, 450 mm height and 1200 mm long. The blockage ratio caused by the model was about 3.9 %, whose effects are neglected in the following discussions. The oncoming flow velocity (U ∞ ) was 12 m/s, corresponding to a Reynolds number based on U ∞ and d of 27,400. The thickness of the boundary layer on the wind tunnel wall was about 10 mm. That is, most of the cylinder span was immersed in the uniform oncoming flow A suction slot was set at the cylinder free end, 1 mm downstream from its leading edge, to control the shear flow over the free end and test its effects on the aerodynamic forces on the cantilevered cylinder. The width and length of the slot were 1 mm and 36 mm, respectively. The tested model and definition of the coordinate system are shown in Figure 1 . A steady suction was established at the slot using a vacuum pump. A volume flowmeter was used to monitor the flow rate. Consequently, the averaged suction velocity U s at the slot could be calculated. The suction ratio Q was defined as Q = U s /U ∞ , which ranged from 0 to 4 in the present experiments. A hot-wire was used to documented the suction velocity along the slot. The mean suction velocity was found quite uniform along the slot, with the maximum variance smaller than 5%.
The pressure distribution was measured at different spanwise positions, i.e. at z * = 1, 2, 3, 4 and 4.5. In the present paper, the superscript "*" indicates the normalization with U ∞ and/or d. At each z * , there were 20 pressure taps distributed circumferentially on the model so that the aerodynamic forces could be evaluated. The shear flow was measured with Cobra probe along y direction at different positions of the free end as marked by A1 ~ A7 in Figure 1 . Note that, A1 was located at the leading edge of the free end. Since the effective measurement range of Cobra probe is a ±45° cone, all the results exceed this acceptance cone are omitted in Figure 5 . Figure 2 shows the dependence of the mean drag (C d ) and also the fluctuating drag and lift (C d ' and C l ') on the suction ratio Q. The steady slot suction near the leading edge of the free end has significant effects on the overall aerodynamic forces on the tested cantilevered square cylinder. Obviously, C d , C d ' and C l ' all reduce significantly with the increase of Q from 0 to 1. The minimum of mean and fluctuating forces presents at Q = 1. With further increase of Q, these forces rise again and almost keep constant at Q > 2. Generally, C d ' and C l ' are more sensitive to Q, compared with C d , which reduce by about 17.8% and 45.5% at Q = 1 relative to those at Q = 0. On the other hand, the maximum reduction of C d at Q =1 is only 3.6%.
RESULTS AND DISCUSSION
The local aerodynamic forces (C d , C d ' and C l ') at different spanwise positions are shown in Figure 3 for three typical suction ratios, i.e. Q = 0, 1 and 3. For the case without control, the maximum of C d appears at z * = 4, i.e., near the cylinder free end, and reduces with the bottom wall approached. With the application of slot suction, C d reduces at all z * , especially near the free end. The maximum reduction of C d is about 5.4%, which occurs at z * = 4.5 with Q = 1, as shown in Figure 3 . At Q = 3, the C d along the cylinder span almost overlaps with that at Q = 1. The effects of the slot suction on C d ' and C l ' are far more remarkable relative to C d . As shown in Figure 3 , the slot suction reduces C d ' and C l ' not only near the free end but also at the mid-span and even near the cylinder base. For example, the maximum reduction rates of C d ' at z * = 1, 2, 3, 4 and 4.5 are 16.4%, 21.3%, 25.7%, 24.2% and 24.5%, respectively. The corresponding maximum reduction rates of C l ' at these spanwise locations are 34.0%, 43.9%, 51.5%, 61.2%, 57.6%. Generally, the reduction rates of both C d ' and C l ' are larger at larger z * , i.e., near the free end where the slot suction is applied. Interestingly, the reduction rate is still quite remarkable at z * = 1, which is far away from the cylinder free end. This observation suggests that the steady slot suction at the leading edge of the free end can significantly suppress the fluctuating forces on the cylinder over its entire span. 
CONCLUSIONS
The slot suction near the leading edge of the free end acts to accelerate the shear flow on it, and suppress flow separation over the free end. At Q =1, the separated flow is weakened and reattaches on the free end; on the other hand, the flow fully attaches on the free end at Q = 3. The slot suction can suppress the aerodynamic forces not only near the free end, but also over the entire cylinder span. At the suction ratio Q = 1, the maximum reduction of these aerodynamic
